Numerical simulations of aerodynamic forces on regular shaped bluff-bodies using CFD have been well reported in the literature as part of validation. In the present study, CFD simulations have been carried out on a 2-D Langle section using different Reynolds-Averaged Navier Stokes (RANS) based turbulence models to assess their performance in evaluating drag and lift coefficients for various angles of wind incidence. Mean drag and lift coefficients for the 2-D L-angle section have been evaluated under uniform smooth flow conditions using FLUENT 6.3 software. The performance of these turbulence models are assessed by comparing the numerically evaluated force coefficients of the 2-D L-angle section with the experimental results available in literature and also with the values provided in various international standards. SST k-model is observed to perform better in evaluating the above mentioned aerodynamic coefficients than other turbulence models, which are observed to perform better only in evaluating mean lift force coefficients than mean drag coefficients. Further, comparison of the numerically evaluated mean pressure coefficient distributions on various sides of the 2-D L-angle section have been made to discuss the relative performance and the limitations of the considered turbulence models.
Introduction
Most of the validation studies of CFD simulations reported in the literature correspond to regular shaped bluff bodies like square, rectangular, circular, etc. Recently, a benchmark study named as Benchmark on the Aerodynamics of a Rectangular 5:1 Cylinder (BARC) has been carried out by the International Association for Wind Engineering (IAWE). Very few numerical studies have been reported in the literature on irregular shaped structural sections. Besides, recent advancement in the field of telecommunication technology has resulted in many communication lattice towers. These lattice structures invariably use L-angle section as primary and secondary members because of ease of connections which have increased the demand on angle sections studies for the evaluation of wind loads as compared to other irregular shapes. Gomes et al. (2005) carried out CFD simulations on buildings with L and U plan shapes and compared the numerically evaluated pressure distributions with the wind tunnel results. Meroney et al. (1999) carried out numerical simulation of wind flow and dispersion of gases around buildings with irregular shapes by using standard k-ε, RNG k-ε, and Reynolds-stress turbulence models available in FLUENT software and good agreement was observed between numerically and experimentally obtained results for normal wind incidence. Leitl et al. (1997) used FLUENT for simulating the flow and dispersion of gases around a building with U-shaped plan view. The numerical results were compared with wind tunnel measurements. Stathopoulos and Zhou (1993) examined the wind loads for building with L-shaped plan view as well as for building with L-shaped elevation (stepped-roof) through numerical study.
In the present study, numerical assessment of aerodynamic force coefficients (mean drag and lift) of 2-D L-angle section has been considered for validating CFD simulations under uniform smooth flow conditions using different turbulence models, viz. Realizable k-ε model hereafter referred to as RKE model, RNG k-ε model [Yakhot and Orszag (1986) ] hereafter referred to as RNG-86 model, RNG k-ε model [Yakhot et al. (1992) ] hereafter referred to as RNG-92 model and the SST k-ω model hereafter referred to as SST model. The wind tunnel experimental results reported by Modi and Slater (1983) for a sectional model of L-angle section under uniform smooth flow conditions have been considered for validation purpose. In addition, the codal values as per IS: 875 (Part 3 -1987) , which are observed to be the same as those in many of the International Standards, have also been considered for comparison. Further, mean pressure coefficient distributions on the L-angle section have been compared to assess the relative performance of the turbulence models considered.
RANS based Turbulence Models
Among the various RANS based turbulence models available, k-ε and k-turbulence based models are observed to be most popular for many of the engineering applications. These turbulence models are mainly based on the Boussinesq eddy viscosity assumption, which postulates that the Reynolds stress tensor is proportional to the mean strain rate tensor through the kinematic eddy viscosity (ν t ) in analogy to the viscous stresses in laminar flows. Dimensionally, the kinematic eddy viscosity is expressed as
(1) where l o = the turbulent length scale and τ = the turbulent time scale
In the case of k-ε based turbulence models, the turbulent kinetic energy (k) and the turbulent energy dissipation rate (ε) are used to calculate l o and τ o . Similarly in the case of kbased turbulence models, the turbulent kinetic energy (k) and the specific dissipation rate ( ) are used to calculate l o and τ o . In the present work, RKE, RNG-86, RNG-92 and SST models have been considered for the numerical simulations using FLUENT 6.3 software.
Numerical Simulations
In this study, numerical simulations have been carried out for a 2-D L-angle section with width (b) and thickness (t) of 0.0762 m and 0.0127 m, respectively, which are the same as those considered by Modi and Slater (1983) in their experimental investigations. Figure 1 shows typical computational domain with angle of wind incidence (θ) of 0°. At the inlet boundary condition, which is at a distance of 22b from the windward side/corner of the angle section (Figure 1) , the mean velocity is given as 9.585 m/s (corresponding Reynolds number of 50,000) and with the turbulence intensity of 0.2%. Further, a 'turbulent' viscosity ratio (r ν = ν t /ν) of 10 is generally adopted at the inlet boundary for numerical simulations as it provides better comparison of drag and lift force coefficients with the experimental results (Bosch and Rodi, 1998, Kimura and Hosoda, 2003) . Hence, r ν is set to 10 at the inlet boundary condition. Assuming isotropic turbulence, the values for k and ε at the inlet boundary are obtained as given below
The outlet boundary is chosen at a distance of 35b from the leeward side/corner of the angle section. The symmetry (free-slip) boundaries are chosen at a distance of 22b from the side faces of the angle section. Detailed grid sensitivity analyses of both mesh size and time step is performed to study the impact of sensitivity analysis on the evaluation of aerodynamic coefficients prediction under unsteady flow condition. A total of three mesh refinements corresponding to first cell size of 0.01b, 0.015b and 0.02b and time step refinements corresponding to Δt of 0.001s, 0.0001s and 0.00001 were chosen for the sensitivity analysis.
Based on the observations of the grid sensitivity analysis, it is found that mesh refinement corresponding to first cell size of 0.02b and time step refinement corresponding to Δt of 0.001s itself shows quite constant and conservative results for the prediction of aerodynamic coefficients considered in the present study. Wall (no-slip) boundaries are chosen for all the sides of the angle section. Standard wall functions have been used near wall regions. The computational domain has been meshed by choosing the width of the first cell near the walls of the angle section as 0.02b based on y + criteria for the chosen Reynolds number. The distance of the other grid lines from the section face to other boundaries is varied with geometric series using a stretching ratio of 1.1( Figure. 1 ). The maximum stretching of successive mesh cells is limited to 1.1 for smooth variation (Bosch and Rodi, 1998) . Hence, in the present study, the mesh is generated using a stretching ratio of about 1.1.
Unsteady flow simulations have been carried out using second order implicit scheme and with a time step (Δt) of 0.001s. For momentum, k, ε and transport equations, second order upwind differencing scheme was used. Further, SIMPLE algorithm was used for coupling pressure and velocity terms. 
Results and Discussion

Comparison of Force Coefficients
Unsteady simulations have been carried out for different angles of wind incidence (θ), viz. 0°, 45°, 90°, 135° and 315° with 45° intervals by considering the symmetry of the Langle section with equal flanges along the axis of 135°-315° (or -45°). Mean drag and lift coefficient values have been evaluated using b as characteristic width for all the angles of wind incidence (θ). Figure. 2 shows the comparison of the predicted mean drag coefficients with the literature and codal values for different angles of wind incidence. It is observed that the mean drag coefficient value for 135° angle of wind incidence is observed to be higher in general compared to other angles of wind incidence ( Figure. 2). This is due to the exposed width of angle section on windward side being large for 135° angle of wind incidence in comparison to all other angles of wind incidence, except for 315°. Different from 315° angle of wind incidence, the flow is expected to be stagnated in the reentrant portion on the windward side of the section for 135° angle of wind incidence which leads to increased positive pressure in the reentrant portion on the windward side of the section. In general, the mean drag coefficient value corresponding to 45° angle of wind incidence is observed to be less than those for other angles of wind incidence. This is due to the exposed width of angle section on windward side being less for 45° angle of wind incidence in comparison to other angles of wind incidence. Further, the afterbody is observed to be longer than the exposed width for 45°, which can be compared to a long rectangular section for which mean drag coefficient is expected to be less.
It can be seen from Figure. 2 that the numerically obtained mean drag coefficient values using RKE and SST models compared well with the literature and codal values for all angles of wind incidence within ± 10-15% variation. Mean drag coefficient prediction by RNG-86 and RNG-92 models are observed to have trends similar to those for the literature and codal values. However, RNG-86 model is observed to under predict the mean drag coefficients by about 15-20% for all angles of wind incidence except for 45°. Whereas, the values of mean drag coefficient obtained using RNG-92 model are observed to be higher than the literature and codal values by about 25 to 35% for all angles of wind incidence except for 45°. For the angle of wind incidence (θ) of 45°, the numerically obtained mean drag coefficients using RNG-86 and RNG-92 model are well comparable to the literature and codal values. A detailed discussion on the mean pressure coefficient distributions of different turbulence models for various angles of wind incidence on different sides of the angle section is given in the following section in order to identify the reasons for the deviations mentioned above and also for assessing the performance of turbulence models for the chosen L-angle section. Figure. 3 shows the comparison of the predicted mean lift coefficients using various turbulence models with the literature and codal values for different angles of wind incidence. Unlike the comparison for mean drag coefficient values, the predicted mean lift coefficient values using all the turbulence models compared well with the literature values for all the angles of wind incidence. The mean lift coefficient is observed to peak in the lift direction for 45 0 and 90 0 angles of wind incidence. Fig. 2 Variation of mean drag coefficient with angle of wind incidence Fig. 3 Variation of mean lift coefficient with angle of wind incidence
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Comparison of Mean Pressure Coefficient
The deviations in the prediction of mean drag coefficient make it necessary to examine mean pressure coefficient distribution on sections for the thorough understanding of the performance of turbulence models. Since the mean drag coefficient values obtained using SST model are observed to compare with the literature values better than those obtained using other models, the corresponding mean pressure coefficient distributions on all sides of the angle section have been considered as reference for assessing the deviations mentioned above. From Figures 4 to 8, it is observed that the predictions of stagnation or positive pressure by all the turbulence models at all angles of wind incidence are nearly comparable to each other. Hence, the deviations in prediction of mean drag coefficient and mean lift coefficient by the models are essentially attributed to inadequacies in evaluation of suction pressures. Irrespective of turbulence models, suction pressure coefficients are not predicted well, leading to an excessive generation of mean drag coefficient. Over prediction of suction pressure coefficient has direct and significant influence on prediction trend of mean drag coefficient, since, evaluation of mean drag coefficient encompasses contribution, both from the stagnation and suction pressure. The predicted pressure profile is however symmetric leading to a value of mean lift coefficients equals zero.
Compared to RKE and SST models, RNG-86 model predicts lower values of suction pressure on all the regions subjected to suction at all angles of wind incidence. Hence, the corresponding mean drag coefficients obtained using RNG-86 model for all angles of wind incidence are observed to be lower than the values obtained using all other models. Except the regions of thickness of angle section, the peak suction pressure coefficient is around the value of -2.0 in RKE and SST models at any angles of wind incidence. Hence, the mean drag coefficient prediction by these models for all angles of wind incidence are also observed to compare well with the values obtained using literature and codal standard. Whereas, RNG k-ε-1992 model captured the trend of positive and negative pressures adequately at 135 0 angle of wind incidence similar to other models, At other angles of wind incidences the trend is totally different from other models in the prediction of suction pressure profile. The RNG-92 model is also observed to predict much larger peak suction pressure coefficient at all angles excepting 135 0 angles of wind incidence with values lying in the range of -2.75 to -3.5. This has lead to prediction of large mean drag coefficient value at 315 0 and other angle of wind incidence excepting 135 0 angle of wind incidence.
The mean suction pressure coefficient distribution of RKE, SST and RNG-86 models excepting RNG-92 model shows constant variation of suction pressures with marginal deviation for all angles of wind incidence in suction pressure regions. RNG-92 model alone depicts pronounced curvature on suction pressure regions indicating the possibility of large vortices/suction excepting at 135 0 angle of wind incidence. Possibly wherever curvature is seen in suction pressure regions, possibility of large suction exists, and the prediction by the above model in such regions would have limitations. 
Summary and Conclusions
In the present study, the numerical simulation of mean drag and lift coefficients for 2-D L-angle section under uniform smooth flow condition have been validated for selective angles of wind incidence. On the overall performance evaluation of all the turbulence models considered in the present study, the numerically obtained mean drag coefficients using RKE and SST models compared well with the literature and codal values for all angles of wind incidence. However, the mean drag coefficient values predicted by RNG-86 and RNG-92 models are observed to deviate significantly from the literature values. These deviations in the mean drag coefficient predictions are essentially attributed to the limitations in the evaluation of mean suction pressure coefficient values. Further, the predictions of mean lift coefficient using all these turbulence models compared well with the literature and codal values. The limitations of turbulence models in evaluating the suction pressure coefficients in the wake regions are observed to be less pronounced in evaluating mean lift force than in evaluating mean drag coefficient. This could be due to cancellation of the resolved components of these suction pressure coefficients in evaluating mean lift coefficients.
